The safety of induced pluripotent stem cells (iPSCs) in autologous recipients has been questioned after iPSCs, but not embryonic stem cells (ESCs), were reported to be rejected in syngeneic mice. This important topic has remained controversial because there has not been a mechanistic explanation for this phenomenon. Here, we hypothesize that iPSCs, but not ESCs, readily differentiate into gamete-forming cells that express meiotic antigens normally found in immune-privileged gonads. Because peripheral blood T cells are not tolerized to these antigens in the thymus, gamete-associated-proteins (GAPs) sensitize T cells leading to rejection. Here, we provide evidence that GAPs expressed in iPSC teratomas, but not in ESC teratomas, are responsible for the immunological rejection of iPSCs. Furthermore, silencing the expression of Stra8, 'the master regulator of meiosis', in iPSCs, using short hairpin RNA led to significant abrogation of the rejection of iPSCs, supporting our central hypothesis that GAPs expressed after initiation of meiosis in iPSCs were responsible for rejection. In contrast to iPSCs, iPSC-derivatives, such as haematopoietic progenitor cells, are able to engraft long-term into syngeneic recipients because they no longer express GAPs. Our findings, for the first time, provide a unifying explanation of why iPSCs, but not ESCs, are rejected in syngeneic recipients, ending the current controversy on the safety of iPSCs and their derivatives.
Introduction
Induced pluripotent stem cells (iPSCs) are derived from somatic cells through ectopic expression of reprogramming factors, and appear to be very similar to embryonic stem cells (ESCs), which holds great promise for regenerative medicine. [1] [2] [3] Recent data on the immunogenicity of iPSCs have deepened the controversy regarding the utility of iPSCs and failed to unequivocally answer the question of why iPSCs, but not ESCs, are rejected in syngeneic mice. The original article by Zhao et al. identified meiotic and cancer genes in iPSC teratomas but not in ESC teratomas. 4, 5 The Zhao group reported that two genes (Hormad1 and Zg16) were abnormally expressed in iPS teratomas and resulted in rejection of iPSCs in syngeneic mice through T-cell activation. 4 In contrast, two other groups found negligible or complete lack of immunogenicity in iPSC derivatives. 6, 7 Since iPSCs are derived from syngeneic mice and are transplanted back to the donor of the somatic cells from which the iPSCs are derived, allogeneic immunological rejection should not be of concern. However, preliminary studies in our laboratory indicated that iPSCs were capable of forming teratomas in immunodeficient mice but not in syngeneic immunocompetent mice. To explain these findings, we reasoned that iPSCs highly expressed gamete-associated proteins (GAPs) to which peripheral T cells are not tolerized. Physiologically, GAPs are sequestered in immuneprivileged sites and are not exposed to peripheral T cells. Further, GAPs do not circulate through the thymus, avoiding thymic tolerization of T cells. Here, we hypothesized that by subcutaneously injecting iPSCs in syngeneic mice and allowing them to form teratomas that express GAPs, peripheral T cells are sensitized to GAPs leading to rejection of the iPSCs. Here, we showed that GAPs are highly expressed in iPSCs during differentiation in vitro (embryoid bodies; EBs) and in vivo (teratoma). In particular, we identified that the 'stimulated by retinoic acid 8' gene (Stra8), which is one of the GAPs, is highly expressed in only iPS-EBs, but not ES-EBs. In addition, rejection of Stra8 gene-silenced iPSCs was delayed compared with control iPSCs in syngeneic mice. Hence, our findings suggest that reprogrammed iPSCs highly express GAPs during the differentiation into three germ layers, which sensitize T cells and initiate immune responses that lead to the rejection of iPSCs.
Materials and methods

Pluripotent stem cell lines
The 129x1/SvJ iPSC lines were kindly provided by Dr Budd Tucker, University of Iowa. The 129SvJ HM-1 ESC line was purchased from Open Biosystems (Huntsville, AL). All cell lines were transduced with pLU-Tet-EF1a-FFluc-mCherry lentivirus (The WISTAR Institute, Philadelphia, PA). The mCherry + cells were sorted using the BD FACS Aria II and were plated onto irradiated mouse embryonic fibroblasts (GlobalStem, Rockville, MD) and cultivated in ES medium.
Other methods are described in the Supplementary material (Data S1).
Statistical analysis
Evaluation of experimental data for significant differences was performed through the Student's t-test, which was conducted using the PRISM software package (GRAPHPAD Software, San Diego, CA).
A value of P < 0Á05 was considered significant for these studies.
Results
iPSCs, but not ESCs, form teratomas in syngeneic immunocompetent mice
To investigate whether iPSCs induce immune responses to syngeneic recipient mice, luciferase-expressing 129x1/ SvJ iPSCs or ESCs were injected subcutaneously into 129x1/SvJ recipient mice, respectively. Interestingly, iPSCs were rejected after a mean of 14 days (n = 6 per each group), Fig. 1(a) and Fig. S1 (see Supplementary material). To explore whether T cells cause this rejection of iPSCs, we performed a second transplantation into mice already sensitized with iPSCs or into naive mice subcutaneously. Figure 1(b) shows that rejection of iPSCs was quicker upon secondary challenge. Indeed, as opposed to the primary rejection kinetics of 7-14 days, we observed that mice challenged with iPSCs a second time rejected iPSCs in 5-6 days. In contrast, ESCs remained detectable for more than 40 days. To confirm that both ESCs and iPSCs were pluripotent, both cell types were subcutaneously transplanted in NOD-SCID mice. They successfully formed teratomas (Fig. 1c) , confirming that both cell types were indeed pluripotent.
To understand the mechanism by which iPSCs were rejected, mice that had rejected iPSCs were killed and their spleens were harvested (n = 3). CD8
+ and CD4 + T cells were isolated by MACS. These T cells were used as responders to dissociated iPS-EB or ES-EB cells that were used as stimulator cells in a mixed lymphocyte reaction assay. Sensitized CD4 + T cells strongly responded to the iPS-EB cells (Fig. 1d ), but the response was minimal in the CD8 + T-cell cultures (Fig. 1e) . In contrast, ES-EB cells stimulated neither CD4 + nor CD8 + T cells. These data clearly suggest that CD4 + T cells cause iPSC rejection in syngeneic mice. Furthermore, these iPS-EB cells hardly express any MHC antigens compared with splenocytes ( Fig. 1f) , suggesting that the antigen on the iPS-derived teratomas was picked up by the dendritic cells of the host and indirectly presented to T cells, 8 which rejected the EBs. Furthermore, the site where SSEA-1 + iPSCs were injected into syngeneic mice showed a higher number of infiltrating CD4 + CD3 + T cells in the area compared with the sites of syngeneic mice where SSEA-1 + ES cells were injected (see Supplementary material, Fig. S2 ).
iPSC-derived haematopoietic progenitor cells engraft long-term in syngeneic mice
To further rule out that MHC molecules expressed by the teratomas were involved in the rejection process, we derived haematopoietic progenitor cells (HPCs) from the iPSCs (iPS-HPCs), which were transduced with FMEVeGFP2A-HA-HOXB4 retrovirus, as previously reported. [9] [10] [11] As shown in Fig. 2(a) , these cells expressed Sca-1 + /c-kit + , which are markers of HPCs. The goal was to transplant these GFP + iPS-HPCs into recipient mice, thereby generating 'chimeric' mice with syngeneic iPS-HPCs. These 'chimeric' mice would tolerize the syngeneic mice to the antigens that cause rejection, so preventing rejection. [12] [13] [14] To determine whether the iPS-HPCs are not rejected in syngeneic recipients, recipient mice (n = 10) were sub-lethally irradiated and injected with 2 9 10 6 -3 9 10 6 iPS-HPCs. monitored by FACS in peripheral blood. These 'chimeric' mice were then subcutaneously injected with ESCs or iPSCs, or with both on contralateral sides, and were imaged after 21 days by bioluminescence imaging. Teratomas were visible in mice that were injected with ESCs (red circle), but not in mice injected with iPSCs (blue circle) (Fig. 2b) . Interestingly, the mice injected with both iPSCs and ESCs rejected iPSCs, but not ESCs. These results demonstrated that the antigens that incited the rejection of iPSCs were not expressed by iPSC derivatives, since 'chimerism' (4-5%) was maintained over 9 weeks ( Fig. 2c and see Supplementary material, Fig. S4 ). In addition, the results showed that those immunogens were not expressed on ESC teratomas, otherwise mice that received both ESCs and iPSCs would have additionally rejected the ESCs.
iPSC teratomas highly express meiotic and spermatogenesis-associated genes Next, to determine the antigens that cause rejection, we ran the cell lysates of iPSC teratomas and those of ESC teratomas on two-dimensional gels separately and performed protein analysis (see Supplementary material, Fig. S3 ). Interestingly, we found that the proteins associated with germ cells were up-regulated in the gel In contrast iPSCs ( ) were rejected after a mean of 12 days. Furthermore, mice challenged for a second time with iPSCs ( ) rejected those iPSCs within 5-6 days. For statistical analysis, the Log rank test was used. *P < 0Á05, **P < 0Á01. (c) To prove that both iPSCs and ESCs were pluripotent, the teratoma assay was performed in NOD-SCID mice. In both cases, large teratomas developed. This is a representative result for the 129SvJ cells. (d) To determine the mechanism of iPSC rejection, splenocytes of mice that had rejected iPSCs were collected and CD4 + and CD8 + cells were sorted. The cells were exposed to iPS-embryoid body (EB) cells in a proliferation assay. iPSCs, but not ESCs, stimulated CD4 + T cells derived from animals that had rejected iPSCs. In contrast, CD8 + T cells minimally proliferated to stimulation by iPS-EB cells (e). Bothe CD4 + and CD8 + T cells from naive animals proliferated minimally. iPS-EB cells induce T-cell stimulation much more than ES-EBs. These experiments were performed in triplicates in three mice and repeated twice. **P < 0Á01 and *P < 0Á05. containing iPSC teratoma lysates, suggesting that iPSCs readily form GAPs to which peripheral T cells of the host are not tolerized (see Supplementary material, Fig. S3 , Table S1 ). To further confirm the expression of GAPs by iPS-EBs, quantitative PCR was performed on both ES-EBs and iPS-EBs using primers of GAPs. The results were normalized using the results of the ES-EBs. We found that Stra8, Vasa, Mga, Stella, Prdm1, L3mbtl2 and Daz1, 15, 16 were known to regulate spermatogenesis, highly expressed in iPS-EBs compared with ES-EBs. Stra8 has been shown to be the critical gene for early meiosis. For example, gamete formation was completely abrogated in mice that were Stra8 À/À , 17 confirming the importance of Stra8 in gamete formation.
Silencing of Stra8 significantly delays the rejection of iPSCs
Having established the expression of GAPs in iPS-EBs, we wondered whether silencing Stra8, 'the gatekeeper of meiosis', abrogates the rejection of iPSCs. Although Stra8 is a major regulator of meiosis, 18 its absence does not To determine whether iPSC-derived HPCs engraft in syngeneic mice, 129x1/SvJ mice were sublethally irradiated and transplanted with the 129x1/SvJ iPS-HPCs. After that, these mice were subsequently injected with 129x1/SvJ iPSCs, embryonic stem cells (ESCs) or with both, subcutaneously. The luminescence emitted by the teratomas (21 days post transplantation) are shown if they are not rejected (circles denote original injection sites). Mice transplanted with luciferase-expressing iPSCs either singly or together with luciferase-expressing ESCs rejected iPSCs, but not ESCs (Each group of mice comprised 10 mice, and these experiments were repeated four times). However, GFP-expressing iPS-HPCs were detected in chimeric mice long term in the peripheral blood system (6 weeks after iPSC transplantations) (c). To identify the genes that are differently expressed, we performed quantitative PCR analysis expression between iPSCs and ESCs. (d) iPS-EBs but not ES-EBs strongly expresses genes involved in meiosis and spermatogenesis (top row). In particular, Stra8, Vasa and Mga were strongly expressed in iPS-EBs compared with in ES-EBs. The genes displayed in the lower row either remained unchanged or were downregulated. These quantitative PCR experiments were repeated at least four times in triplicates. ***P < 0Á001, **P < 0Á01 and *P < 0Á05. completely shut down meiosis, because it has been recently reported that meiosis may initiate in the absence of Stra8. However, spermatogenesis does not complete due to chromosome condensation in spermatocytes. 17, 18 It has also been reported that ESCs can undergo meiosis under the influence of retinoic acid (RA) and testosterone (TT). 19 Here, to confirm this finding, we treated ES-EBs or iPS-EBs with both RA and TT. Only ES-EBs treated with RA and TT expressed Stra8. In contrast, iPS-EBs expressed Stra8 spontaneously in EBs, as expected (Fig. 3a) .
To test the impact of Stra8 on the rejection of iPSCs, we silenced Stra8 gene expression, using lentiviral-Stra8-shRNA. Lentiviral-scrambled RNA (scRNA) was used as a control. Stra8 silenced iPSCs (Stra8-shRNA-iPSCs) and scRNA-iPSCs were treated with RA to induce meiosis. Figure 3(b) shows that control cells highly express Stra8; however, Stra8-shRNA-iPSCs remained negative even after treatment of the cells with RA. These data indicate that Stra8 was successfully silenced in these cells. To investigate whether Stra8 is one of the antigens in the teratomas that can cause the rejection of iPSCs, we pulsed bone marrow-derived dendritic cells with Stra8 overexpressing cell lysates (Stra8-lysates) (see Supplementary material, Fig. S5) T-cell responses (***P < 0Á001). (d) Silencing of Stra8 leads to down-regulation of the expression of several critical genes in meiosis. To determine whether meiotic gene expression is regulated by Stra8, Stra8-shRNA-iPS cell-EBs and scRNA-iPS cell-EBs were formed and used to extract RNA for quantitative PCR. As expected, Stra8 gene expression was abrogated in the Stra8-shRNA-iPS cell-EBs but not in the scRNA-iPS cell-EBs. In addition, Dazl, Stella, Vasa and Scyp3 were significantly down-regulated. Ct values were first normalized within the sample to the housekeeping gene GAPDH before comparison across samples. ***P < 0Á001, **P < 0Á01 and *P < 0Á05. (e) Rejection of iPSCs is after silencing Stra8. To determine the impact of the down-regulation of the meiotic programme on iPS rejection, 129x1/SvJ mice were transplanted subcutaneously with either shRNA-iPSCs (n = 10) or Stra8-shRNA-iPSCs (n = 10). ESCs were used as controls (n = 10). scRNA-iPSCs were rejected in normal fashion, the mean of the rejection day was day 12. As expected, ESCs were not rejected. However, Stra8-shRNA-iPS cell showed delayed rejection suggesting that abrogation of meiosis delays rejection of iPSCs. The difference in the rejection mean times was highly significant, For statistical analysis, Log rank test was used (P = 0Á02). T cells hardly responded, like naive CD4 + or CD8 + T cells (Fig. 3c) . These data suggest that Stra8 might be one of the antigens that indirectly induce a CD4 + T-cell response, leading to rejection of iPSCs.
To determine whether the lack of Stra8 expression interferes with the regulation of genes that are involved in meiosis and spermatogenesis, quantitative PCR was performed. Stra8 was not detected in Stra8-shRNA-iPS-EBs as expected (Fig. 3d) . In addition, the expression of other genes involved in meiosis and spermatogenesis, which include Dazl, Stella, Vasa and Scyp3, were significantly abrogated in Stra8-shRNA-iPS-EBs (Fig. 3d) . Next, we subcutaneously transplanted the Stra8-shRNA-iPSCs in 129x1/SvJ mice to determine whether the kinetics of iPSC rejection was altered in mice where Stra8 had been silenced. As an appropriate control, scRNA-iPSCs were used. Mice were imaged on a regular basis using bioluminescence imaging. scRNA-iPSCs were rejected after a mean of 12 days (n = 10), whereas Stra8-shRNA-iPSCs were rejected after 15 days. From 10 mice that received Stra8-shRNA-iPSCs, only three mice were rejected between days 5 and 10, and most mice showed delayed rejection suggesting that abrogation of meiosis delays the rejection of iPSCs (Fig. 3e) . This showed that although Stra8 silencing prevented early rejection of iPSCs, it failed to completely prevent their rejection. Hence, we suggest that in the mice that rejected iPSCs, meiosis was not completely shut down despite the Stra8 silencing. In summary, we conclude that the ability of iPS-EBs to express GAPs and not their expression of cancer-associated proteins is the reason why iPSCs, but not ESCs, are rejected in syngeneic mice.
Discussion
Recently, there has been some controversy in the field regarding the immunogenicity of self-derived iPSCs and what impact this may have on the immunogenicity of their derivatives, which significantly influences the application of iPSCs in clinical therapy. Zhao et al. showed that iPSCs were immunogenic in syngeneic hosts owing to the expression of meiotic and cancer genes in iPSC-derived teratomas but not in ESC-derived teratomas. 4, 5 This was followed up with studies that suggested that iPSC-derivatives were not immunogenic and that the unique immunogenicity of iPSCs should be of no consequence to the immunological properties of their derivatives. 6, 7 However, the mechanism underlying the immunogenicity of iPSCs as opposed to ESCs, as well as an explanation of how iPSCderivatives lose the potential to induce immunological rejection, have not been unequivocally elucidated.
Here, we conclusively demonstrate the mechanism by which iPSCs, but not ESCs, are rejected in immunocompetent syngeneic mice. Our data demonstrate that iPSCs express high levels of GAPs after initiating meiosis, and that these GAPs sensitize CD4 + T cells, which initiate immune responses that lead to the rejection of iPSCs. In contrast, meiosis is impaired in ESCs, as has been previously demonstrated. 15 GAPs are expressed in the gonads and not exposed to peripheral blood lymphocytes. Gonads are immune privileged sites, where inflammation hardly occurs because the immune system is shut out. As such, T cells are not tolerized to these antigens, because gametes do not circulate through the thymus. Stra8, which is one of the GAPs, regulates meiotic initiation in both spermatogenesis and oogenesis. Our finding that iPSCs are rejected in syngeneic mice between 7 and 14 days is consistent with the timing of primary immune responses. Importantly, our demonstration that these iPSCs form teratomas in immunodeficient mice unequivocally shows that these cells are pluripotent, eliminating concern that the iPSCs themselves are inherently incapable of forming teratomas.
Most significantly, we demonstrate here that iPSCs lose the potential to express GAPs upon their differentiation into HPCs. Indeed, mice that are 'chimeric' with iPSHPCs still reject the iPSCs, demonstrating that they do not confer tolerance toward GAPs expressed by iPSC teratomas. Overall, our data suggest that iPSCs express GAPs after initiating meiosis whereas ESCs do not. However, we also show that iPS-HPCs do not express GAPs (see Supplementary material, Fig. S6 ) and engraft longterm in syngeneic immunocompetent hosts, which reassures us that iPSC-derived HPCs are safe when given back to the donor of the iPSCs.
Other groups have reported that iPSC derivatives showed different degrees of immunogenicity. 7, 20, 21 In particular, those groups showed that iPSC-derived cardiomyocytes and endothelial cells can induce more prominent immune responses in syngeneic mice compared with hepatocytes, neuronal cells and bone marrow cells. 6 During the reprogramming processes in iPS cells from somatic cells, epigenetic changes can induce the expression of minor antigens, which can possibly directly or indirectly lead to the rejection of iPSC-derivatives in syngeneic mice. 7 We should be concerned as to whether those minor antigens can lead to the immune rejection of all iPSC derivatives. To probe this question further, genetic and epigenetic analysis of various iPSC derivatives is needed to find specific minor antigens that can cause the rejection of iPSC derivatives themselves. However, our studies elucidate that with regard to GAPs, which induce rejection of iPSCs, these antigens are not expressed by iPSC derivatives, such as HPCs, and should pose no concern for rejection as was originally identified for iPSCs.
Here, we clearly show that iPSCs express GAPs during their differentiation into three germ layers and that these GAPs sensitize CD4 + T cells, resulting in rejection of the iPSCs. Our data suggest that the immune system may serve as a natural fortification against iPSC-derived teratomas. Collectively, these findings for the first time provide the mechanism by which iPSCs, but not ESCs, are rejected in syngeneic mice. In the broader picture, our studies demonstrate that somatic cells derived from self iPSCs are safe and do not cause teratomas.
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